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ADVANCED MICRO-LOCATION OF RFID
TAGS IN SPATIAL ENVIRONMENTS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims benefit of U.S. Provisional Appli-
cation Ser. No. 62/854,094, entitled, “Obtain Advanced

Micro-Location of RFID Tags mn a 3D and 2D Spatial
Environment” filed May 29, 2019, the entire disclosure of
which 1s incorporated herein by reference.

FIELD OF THE

DISCLOSURE

The present disclosure 1s generally related to RFID tag
locating and more particularly 1s related to advance micro-
location of RFID tags 1n spatial environments.

BACKGROUND OF THE DISCLOSURE

Inventory management in retail and commercial buildings
1s a complex, time-consuming, and expensive 1ssue. Large
stores can carry more than 10,000 items on shelves, and
these 1tems must be tagged, tracked, displayed, restocked,
and priced on a regular basis to ensure product availability
to customers.

Inventory stocking 1s the process ol placing items out on
shelves or 1n displays such that they can be purchased by
customers. Restocking 1s the process of replenishing items
that have been purchased, moved, stolen, or damaged.
Stocking and restocking are time-consuming tasks, since
they normally entail the detailed review of all products for
sale. Traditionally, store employees travel each aisle, noting
the number and location of depleted or missing items. They
gather new 1nventory from a backroom storage area, then
travel each aisle again, replenishing low stock with new
inventory. Depending on the store, this process can take
dozens of employees and many hours to complete. Often,
restocking must be done after a store has closed or late at
night. This can leave shelves understocked for long periods
during business hours. Additionally, the process can require
additional employees working an overnight shift to complete
restocking before the opening of the store the next day.

While employees are restocking inventory on shelves,
they often must concurrently perform quality assurance
checks. Employees ensure that all items are properly
located, returning moved and misplaced items to their
appropriate areas. Olften, this means traveling the entire store
in search of misplaced items and subsequently placing the
misplaced items in their correct locations. Additionally,
employees must also ensure that items are displayed neatly,
with price tags and labels visible. Employees also frequently
need to make sure that any pricing information displayed 1s
correct. Often, this means checking item prices against
periodic or special sales lists and amending incorrect dis-
plays. Furthermore, this method of pricing 1s not dynamic,
as 1t 1s diflicult for retail stores to adjust prices quickly based
on supply and demand.

Additionally, many franchise or branch stores are required
to stock and display products 1n a manner determined by a
corporate oflice. Such information is usually displayed in the
form of a planogram: a diagram that indicates the placement
of products on a shelf and 1n a store. Planogram compliance
can be 1naccurate for a number of reasons, mcludmg human
error 1n reading the diagram, differences in store layout,
mattention to placement details, and changes i1n product
packaging. However, planogram compliance 1s important to
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2

ensure consistency between stores and to present products
for sale according to a chosen strategic plan. If stores do not

stock and display products accurately, the data upon which
corporate oflices analyze sales and create strategic place-
ment plans 1s likely to be mnaccurate.

Current solutions to these problems utilize inventory
management software, point of sale systems, and tracking
devices to manage imnventory. However, the implementation
ol these solutions 1s largely dependent on data supplied by
humans. This data can be inconvenient to collect, time-
consuming to gather, and inaccurate. Some solutions include
robotic inventory scanners that can be directed down aisles
and around shelves 1n order to electronically manage inven-
tory. However, these robotic scanners may include costly
hardware, and may not be financially feasible for many
proprietors.

Additionally, radio frequency identification (RFID) tech-
nology has been used 1n certain situations, but accurate
positioning of passive RFID tags has historically been a
difficult problem to solve due to environmentally-induced
sensor noise and inconsistency of sensor data.

Thus, a heretofore unaddressed need exists in the industry
to address the aforementioned deficiencies and 1nadequa-
Cies.

SUMMARY OF THE DISCLOSURE

Embodiments of the present disclosure provide a system,
method, and an apparatus for micro-location of RFID tags
within a spatial environment. Briefly described, in architec-
ture, one embodiment of the system, among others, can be
implemented as follows. The system includes a mobile
plattorm having a known location within a three-dimen-
sional (3D) space, wherein a plurality of radio frequency
identification (RFID) tags 1s located within the 3D space. A
plurality of RFID antennas 1s mounted on the mobile plat-
form, wherein backscatter signals of at least one of the RFID
tags are collected by at least one of the plurality of RFID
antennas and time-synchronized with the known location of
the mobile platform 1n the 3D space at a time of collection.
A computerized processing device 1s in communication with
the plurality of RFID antennas, wherein the computerized
processing device performs algorithmic RFID tag localiza-
tion using at least the collected backscatter signals of the at
least one RFID tag and the time-synchronized known loca-
tion of the mobile platform to determine a micro-location of
the at least one RFID tag within the 3D space.

The present disclosure can also be viewed as providing
methods for micro-location of RFID tags within a spatial
environment. In this regard, one embodiment of such a
method, among others, can be broadly summarized by the
following steps: providing a plurality of radio frequency
identification (RFID) tags within a three-dimensional (3D)
space; moving a mobile platform within the 3D space,
wherein the mobile platform has a known location; collect-
ing, with a plurality of RFID antennas mounted on the
mobile platform, backscatter signals of at least one of the
RFID tags; time-synchronizing the collected backscatter
signals with the known location of the mobile platform 1n the
3D space at a time of collection; and performing algorithmic
RFID tag localization using at least the collected backscatter
signals of the at least one RFID tag and the time-synchro-
nized known location of the mobile platform, thereby deter-
mining a micro-location of the at least one RFID tag within
the 3D space.

The present disclosure can also be viewed as providing a
system for tracking a micro-location of RFID tags within a
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spatial environment. Brietly described, 1n architecture, one
embodiment of the system, among others, can be i1mple-
mented as follows. At least one radio frequency identifica-
tion (RFID) tag 1s moving within a three-dimensional (3D)
space. A plurality of RFID antennas 1s fixedly positioned
within the 3D space, wherein backscatter signals of the at
least one RFID tag 1s collected by at least one of the plurality
of RFID antennas and time-synchronized with a known
location of the at least one of the plurality of RFID antennas
in the 3D space at a time of collection. A computernized
processing device 1s in communication with the plurality of
RFID antennas, wherein the computerized processing device
performs algorithmic RFID tag localization using at least the
collected backscatter signals of the at least one RFID tag and
the time-synchronized known location of the at least one of
the plurality of RFID antennas to determine a micro-location
of the at least one RFID tag within the 3D space.

Other systems, methods, features, and advantages of the
present disclosure will be or become apparent to one with
skill in the art upon examination of the following drawings
and detailed description. It 1s intended that all such addi-
tional systems, methods, features, and advantages be
included within this description, be within the scope of the
present disclosure, and be protected by the accompanying,
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosure can be better understood
with reference to the following drawings. The components
in the drawings are not necessarily to scale, emphasis instead
being placed upon clearly illustrating the principles of the
present disclosure. Moreover, in the drawings, like reference
numerals designate corresponding parts throughout the sev-
eral views.

FIG. 1 1s a diagrammatical illustration of a system for
micro-location of RFID tags within a spatial environment, in
accordance with a first exemplary embodiment of the pres-
ent disclosure;

FIGS. 2-4 are diagrammatical illustrations of the system
for micro-location of RFID tags within a spatial environ-
ment of FIG. 1, in accordance with the first exemplary
embodiment of the present disclosure;

FIGS. 5-7 are diagrammatical 1llustrations of the system
for micro-location of RFID tags within a spatial environ-
ment of FIG. 1, in accordance with the first exemplary
embodiment of the present disclosure;

FIGS. 8-10 are graphical illustrations of the system for
micro-location of RFID tags within a spatial environment of
FIG. 1, mn accordance with the first exemplary embodiment
ol the present disclosure;

FIG. 11 1s a flowchart illustrating a method for micro-
location of RFID tags within a spatial environment, 1n
accordance with the first exemplary embodiment of the
disclosure; and

FIG. 12 1s a diagrammatical illustration of a system for
tracking a micro-location of RFID tags within a spatial
environment, in accordance with a second exemplary
embodiment of the present disclosure.

DETAILED DESCRIPTION

FIG. 1 1s a diagrammatical illustration of a system for
micro-location of RFID tags within a spatial environment
10, 1n accordance with a first exemplary embodiment of the
present disclosure. The system for micro-location of RFID
tags within a spatial environment 10, which may be referred
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to herein simply as ‘system 10’ includes mobile platform 20
having a known location within a three-dimensional (3D)
space 30. A plurality of radio frequency identification
(RFID) tags 40 1s located within the 3D space 30. A plurality
of RFID antennas 50 are mounted on the mobile platform
20. Backscatter signals 42 of at least one of the RFID tags
40 are collected by at least one of the plurality of RFID
antennas 50 and time-synchronized with the known location
of the mobile plattorm in the 3D space 30 at a time of
collection. A computerized processing device 60 1s 1n com-
munication with the plurality of RFID antennas 50 through
a network connection 62. The computerized processing
device 60 performs algorithmic RFID tag localization using
at least the collected backscatter signals 42 of the at least one
RFID tag 40 and the time-synchronized known location of
the mobile platiorm 20 to determine a micro-location of the
at least one RFID tag 40 within the 3D space 30.

The system 10, and related systems and methods dis-
closed herein, can be used for micro-locating RFID tags
within a 3D or 2D environment, which can be used with
identifying the location or tracking the location of physical
items on which an RFID tag 1s placed. This may have
particular benefits for inventory control. For mstance, con-
ventionally, products are tagged with an RFID tag such that
when the product enters or exists the facility, the RFID tag
can be scanned to record the position or movement of the
product. However, 1n modern inventory control, it 1s desir-
able to know more than just whether an inventory item has
passed beyond a static point. It 1s desirable to know the
quantity and specific location of mventory items within the
spatial environment of a factory, warchouse, storage facility,
commercial store, or any other 3D or 2D structure or setting.
In accordance with this disclosure, the term ‘inventory
items’ may be understood to mean products, goods, stock or
other contents of a facility, Commonly these inventory items
may be products displayed on shelves of the commercial
facility such that one or more buyers can purchase the items,
or an employee can locate the item within the facility. For
example, the goods and products contained on the shelves of
big box stores, warechouse stores, etc., including public and
non-public facilities. Inventory 1tems may also be goods or
items which are not for sale but are displayed, contained, or
otherwise stored on shelves or similar storage units. For
example, museum collections stored 1n a warehouse, books
in a library, equipment stored 1n a storage facility, etc.

The system 10 may be used to determine the micro-
location of an RFID tag on an inventory item, such that the
micro-location of the item itself can be determined. Within
the context of the present disclosure, the term ‘micro-
location’ or similar variants thereof, 1s characterized as
determining the location of an RFID tag to within a cubic
space of less than 1.5 feet relative to the spatial environment
in which the RFID tag 1s located. More preferably, micro-
location may be determining the location of the RFID tag to
a cubic space of less than 1.0 feet, or less than 0.5 feet, or
a smaller cubic space. In one example, the micro-location of
the RFID tag can be determined down to a location of a five
(5) inch cubic space. The spatial environment of the facility
in which the RFID tag is located may be identified by the
structural boundaries of the facility, e.g., the walls and roof
of a building or the perimeters of a fenced-1n enclosure, or
it may be otherwise identified by other features of the
facility, such as a non-structural division of the facility.

The mobile platform 20 of the system 10 may be any
device which 1s movable within the 3D space 30, including
robotic devices, wheeled platforms and vehicles, drones and
aerial vehicles, hand-held movable platforms such as 1is




US 10,586,082 Bl

S

depicted mn FIG. 1, track-based platiorms, or any other
manual, autonomous, or semi-autonomous device which 1s
capable of moving or being moved within the facility. The
mobile platform 20 has a known location within the 3D
space 30, such that the particular location of the mobile
platform 20 can always, or substantially always, be known
by the system 10. The known location of the mobile platform
20 within the 3D space 30 may be 1dentified in various ways,
such as coordinates, measurements, or otherwise using one
or more ultra-wideband (UWB) devices, Light Detection
and Ranging (LIDAR) devices, and/or 3D Simultaneous
Localization and Mapping (SLAM) devices. In a rudimen-
tary example, as depicted in FIG. 1, the location of the
mobile platform 20 may be 1dentified with simple coordinate
measurements 1 two or more directions 32A, 32B. The
known location allows for pinpointed, near real-time loca-
tion information of the mobile platform 20, which 1s used by
the system 10 along with other aspects to determine the
location of the RFID tags 40. In one example, the accuracy
of the system 10 1s at the centimeter level, 1n that, the RFID
tags 40 can be located to within a centimeter of accuracy
within a 3D space. In other examples, the accuracy may be
higher or lower, such as at the millimeter level, the multi-
centimeter-level, or a meter-level.

A plurality of RFID tags 40 1s located within the 3D space
30. This may include RFID tags 40 being positioned on
products or inventory items (not shown in FIG. 1) which are
placed on shelves, pallets, or other structures within the 3D
space 30. The mobile platform 20 includes a plurality of
RFID antennas 50 which are mounted on or to the mobile
plattorm 20. The RFID antennas 50 may include various
antenna devices and any quantity of RFID antennas 50 may
be included.

In operation, the mobile platform 20 1s moved through the
3D space 30. While 1t 1s moving or during momentary stops,
the mobile platform 20 receives one or more backscatter
signals 42 from one or more of the RFID tags 40. For clarity
in disclosure, receiving backscatter signals 42 from a single
RFID tag 40 1s used herein, but it 1s noted that the mobile
platiorm 20 may receive a plurality of backscatter signals 42
from a plurality of RFID tags 40 simultaneously. The
backscatter signals 42 are collected by one or more of the
plurality of RFID antennas 50 and time-synchronized with
the known location of the mobile platform 20 in the 3D
space 30 at a time of collection, such that the precise location
of the RFID antennas 50 are known when the backscatter
signal 42 1s picked up.

Next, a computerized processing device 60 1n communi-
cation with the plurality of RFID antennas 50 through a
network connection 62 1s used to process data related to the
backscatter signals 42 and the known location data of the
RFID antennas 50. The computerized processing device 60
may include a server or other computing device which runs
one or more tag micro-localization applications or programs.
For example, one such program 1s known as SmartTrace™,
which uses algorithmic processing based on a set of algo-
rithms from various RFID tag localization techniques or
approaches 1n order to provide a statistically accurate deter-
mination of the location of the RFID tag 40 within the 3D
space 30 1n near real-time. This algorithmic processing may
include any number of different RFID tag localization
techniques or approaches, including approaches which pro-
cess the phase, power value, received signal strength indi-
cator (RSSI), and other data from the RFID antennas 30 to
determine the location of the RFID tags 40 which emitted
the received radio signal. The eventual output of the com-
puterized processing device 60 may be communicated or
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displayed on a user computing device 70, which may be
located nearby or remote, and may include any type of
computing device.

One approach for RFID tag localization includes using the
collected RFID backscatter signals 42 over a period of time
to create a history of phase and RSSI data received as the
mobile platform 20 moves across the RFID tags 40. The
algorithmic processing of the tag micro-localization appli-
cation evaluates millions of possible RFID tag 40 locations
and then conducts a simulation for the signal. Specifically,
the tag micro-localization application simulates what the
signal recetved by the antenna 50 would look like 11 it
originated from a particular, estimated location. A large
quantity of these simulations 1s run, which creates a history
of phase 52 and received signal strength indicator (RSSI) 54
of the collected backscatter signals of the RFID tag over a
period of time. Possible RFID tag locations are evaluated
and a received signal phase and RSSI 1s simulated. Then the
history of phase and RSSI of the collected backscatter
signals 1s matched to the simulated receirved signal phase
and RSSI. The location of an RFID tag 40 whose simulated
signal 1s the closest match to the actual signal received by
the RFID antenna 50 1s given the highest weight, such that
this signal 1s most likely to indicate the actual position of the
RFID tag 40. In this approach, the plurality of RFID
antennas 30 mounted on the mobile platform 20 may be
mounted facing laterally relative to a direction of movement
of the mobile platform 20.

It 1s noted that a graphical processing unit (GPU), a
specialized electronic processor designed to rapidly manipu-
late and alter memory to accelerate the creation of 1images 1n
a frame builer intended for output to a display device, 1s used
to optimize these simulations resulting in up to 2000 times
faster stmulation speeds as compared to a traditional quad-
core CPU. This allows the calculations to be conducted 1n
near real-time.

Another approach for RFID tag localization includes
utilizing a machine learning model that takes as its iputs
key features of the recerved signal and the location of the
receiving RFID antenna 50 and maps out possible locations
of the RFID tags 40 within the 3D space 30. For example,
using deep learning techniques, the machine learning model
may be fed the data from the RFID antennas 50 as well as
the real position of the RFID tags 40 1n order to effectively
train the machine learning model. The machine learming
model learns to recognize key patterns 1n the data such as the
correlation between peak RSI and/or change 1n Doppler shait
as the mobile platform 20 moves past the RFID tag 40,
allowing 1t to estimate the location of the RFID tag 40.

For certain approaches of the RFID tag localization, the
correlation between the movement and/or orientation of the
RFID antennas 50 on the mobile platform 20 and the RFID
tag 40 signal data can be used. FIGS. 2-4 are diagrammatical
illustrations of the system for micro-location of RFID tags
within a spatial environment 10 of FIG. 1, 1n accordance
with the first exemplary embodiment of the present disclo-
sure. In particular, FIGS. 2-4 illustrate situations where the
RFID antennas 50 on the mobile platiorm 20 may be moved
relative to the RFID tags 40. As shown in FIGS. 2-3, a
human user may carry the mobile platform 20 throughout
the 3D space 30, moving past a plurality of RFID tags 40.

As shown in FIG. 4, another approach for RFID tag
localization includes a machine learning model to determine
the micro-location of the RFID tags 40 based on correlations
between a relative position of the mobile platform 20 and the
collected backscatter signals 42 of the RFID tag 40 and the
time-synchronized known location of the mobile platform




US 10,586,082 Bl

7

20. Specifically, the signal data from the RFID antennas 50
1s labeled as either ‘before’, ‘at’, or ‘after’ which would
correspond to when the RFID antennas 50 were reading
backscatter signals 42 before facing the RFID tag 40, as
shown on the bottom, facing perpendicular to the RFID tag
40 as shown 1n the middle, then after having moved past the
RFID tag 40 as shown on the top, respectively. The machine
learning model would be able to rain on this data and learn
to recognize when at what position the RFID antenna 50 was
directly facing the RFID tag 40. Once trained, the machine
learning model may conduct RFID tag micro-localization
without manual data mputs. This approach would help
narrow down the search space for RFID tag 40 localization,
which in turn, allows other parts of the algorithmic process-
ing to more etliciently narrow down on the micro-location of
the RFID tag 40.

While FIGS. 2-3 1llustrate examples of the mobile plat-
form 20 being a device which 1s carried by a human user, the
mobile platform 20 may also be a vehicular device which 1s
operated manually, autonomously, or semi-autonomously.
For example, FIGS. 5-7 are diagrammatical illustrations of
the system for micro-location of RFID tags within a spatial
environment 10 of FIG. 1, in accordance with the first
exemplary embodiment of the present disclosure, where the
mobile platform 1s manually-moved wheeled device, an
autonomous wheeled robotic unit, or an aerial robotic unit,
respectively. In each of these situations, the mobile platform
20 carrying the RFID antennas 30 may be moved past RFID
tags 40 within the 3D space and receive the RFID backscat-
ter signals 42 therefrom.

Another approach for RFID tag localization includes
associating the collected backscatter signals 42 of the RFID
tag 40 with emitted iterrogation signals. The micro-loca-
tion of the RFID tag 40 1s determined using triangulation
based on a time between an emission and a collection of the
interrogation signals. This so-called ‘time-of-flight’
approach may utilize a custom designed RFID reader which
1s capable of associating backscatter signals 42 received
with specific interrogation signals emitted. With the time
between emission and reception known, and combined with
the phase information of the arnving wave, accurate dis-
tances to an RFID tag 40 can be calculated. Triangulation
can then be employed to derive the micro-location of the
RFID tag 40.

Another approach for RFID tag localization includes a
Doppler frequency shift analysis approach that looks at the
rate ol change of the Doppler shift of the RFID signal 42 as
the mobile platform 20 moves past the RFID tag 40. In this
approach, closer RFID tags 40 demonstrate a higher rate of
change of Doppler shift as the relative velocity of the mobile
platform 20 changes quicker than compared to a RFID tag
40 located further away. With the information of the position
of the mobile platform 20 over time being known, the
absolute velocity of the mobile platform 20 can be deduced.
In turn, this can be used to predict the relative movement of
the RFID tag 40 which can be used to determine the tag’s
micro-location.

While various approaches for RFID tag localization are
described herein, 1t 1s noted that other approaches may also
be used, alone or 1n combination with the approaches and
techniques described here. Moreover, variations of the
approaches may exist such that aspects described relative to
certain approaches can be included with other approaches. In
operation, the system 10 may use one or more RFID tag
localization approaches, depending on the particular sce-
nario the system 10 1s used within. For example, certain
approaches may be used to narrow down the localization of
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the RFID tag 40 to within certain spatial parameters and then
other approaches can be used to further refine the location
such that the micro-location of the RFID tag 40 can be
accurately 1dentified. In one example, the RSSI of a RFID
tag 40 can be used to specily at which point the backscatter
signal 42 was strongest, which narrows down the tag loca-
tion. Then, other approaches can be used to refine and
precisely 1dentity the RFID tag’s 40 true location within the
3D space 30. The final output in most situations 1s a
combination of two or more approaches, but for certain
scenarios, depending on how the RFID tag 40 1s placed, how
the mobile platform 20 1s moving, and other factors, 1t may
be possible to use only a portion of the approaches. It 1s
turther noted that the system 10 may utilize internal heuris-
tics to determine which approach or combination of
approaches provide the best result. This may include pro-
viding an end use with a confidence metric or value which
indicates the likelithood of a RFID tag’s detected location to
its true location.

As can be seen herein, the system 10, and related methods
and apparatuses disclosed herein, improves over the histori-
cally dificult problem of accurate positioning of passive
RFID tags by combining manual or robot simultaneous
localization and mapping (SLAM) technology with a novel
approaches using algorithmic processing to calculate the
possible origination points of a series of received RFID
signals. This i1mprovement stems from the capability
accorded by SLAM to obtain pinpoint positions of the
mobile platform at any givers instance in time while the
system 1s 1n operation. On top of such a system, a number
of RFID antennas 30 have been integrated on the mobile
platform 20 facing laterally on both sides, thereby eflec-
tively scanming 1n a direction perpendicular to the direction
of mobile platiorm 20 motion. The integration, 1n addition to
other hardware aspects, for example, i1deal height place-
ments and distributions for optimal coverage of an average
warchouse storage facility, may be important to the acute
functioning of micro-location of the RFID tags 40.

Of particular note, the RFID reader connected to the RFID
antennas 30 that processes and interprets the received RFID
backscatter signals 42 1s time synchronized with the known
location of the mobile platform 20 that 1s actively executing
SLAM, via a local Network Time Protocol server configu-
ration. This enables every backscatter RFID signal 42
received from a scanned RFID tag 40 to be paired with the
precise location of the RFID antenna 50 which received that
specific signal at that specific mstant 1 time, up to the
nanosecond. Additionally, for each RFID antenna 30
installed on the mobile platform 20, the system empirically
establishes a profile of a RFID tag’s 40 actual orthogonal
distance from the path of mobile platform 20 traversal to the
peak RSSI of the signals received associated with the RFID
tag 40. This may yield an estimate of the RFID tag’s 40 true
location within the 3D space 30.

Most conventional RFID localization methods today are
based upon RSSI readings which are unpredictably 1naccu-
rate and unreliable, as they are severely allected by a host of
extrinsic environmental factors that are usually impractical
to control. To improve over these conventional methods, the
subject system, apparatus, and method refines the estimate
from the RSSI. Accordingly, the refinement includes a series
of time-ordered recerved RFID signals 42 from a speciiic
RFID tag 40. The data by the RFID antenna 50 which
received the signal 1s segregated. Fach time-ordered signal
series that 1s obtained not only contains RSSI information
and the position of the RFID antenna 50 when each signal
was detected, but also the phase of the signal as 1t was
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received. RFID signals, being electromagnetic waves, can
be accurately represented as sinusoidal waveforms with a
periodicity equal to the inverse of the wave’s frequency. In
cach period, the wave undergoes a cycle as i1t propagates
through 1ts transmission medium and covers the distance of
a single wavelength. The phase of the signal describes the
position on the cycle which the wave was at, at the point
when 1t came into contact with the RFID antenna’s 350
surface of reception and was read as a received RFID
backscatter signal 42. This phase information gives an order
of magmtude of deeper granularity into the application of
RFID tag 40 positioning relative to any conventional sys-
tem.

As an example of the system’s 10 functioning described
herein, FIGS. 8-10 are graphical illustrations of the system
for micro-location of RFID tags within a spatial environ-
ment 10 of FIG. 1, 1n accordance with the first exemplary
embodiment of the present disclosure. In particular, FIG. 8
depicts the time-ordered series of actual phase information
collected from a specific RFID tag by a specific antenna,
which 1s one of the data points collected from the RFID
antennas. In operation, the phase of the signal 1s received
and detected by the antennas from the RFID tags and the
phase values are plotted as the RFID antenna 1s moved. In
comparison, FIG. 9 illustrates the theoretical phase pattern.
This 1s based on an assumption of what the theoretical phase
data for the RFID tag at a particular location. When the
theoretical phase patterns of FIG. 9 match, or substantially
match, with the phase patterns actually collected, 1t can be
deduced that the estimated location of the RFID tag sub-
stantially matches the actual location.

This information can be provided to users in the form of
a heat map which 1illustrates the micro-location of the RFID
tag 1n a 3D space. FIG. 10 illustrates an example of the heat
map, which 1s eflectively a cuboid representation of the
immediate spatial environment of the RFID tag. Here, a
correlation function may be used to provide a number or
value for how accurate the match 1s between the detected
phase data and the theoretical phase data, 1.e., the match
between the graphs 1n FIGS. 8-9. This can be used to provide
a probability that a specific RFID tag 1s 1n a particular 3D
space. As shown 1n FIG. 10, the bright spots show the high
correlation factor spots, whereas dark areas shows a low
correlation factor. The high correlation factor spots indicated
that the RFID tag 1s most likely to be located at that position
and less likely to be located at the positions indicated by the
dark spots. In use, one heat map may be employed for each
RFID tag, such that there 1s only one high correlation spot
(bright yellow or white spot) 1in each heat map. Since the
heat map 1s keyed to the 3D spatial environment based on
the location of the mobile platform and the RFID antenna
which detected the RFID tag, the location of the correlation
tactor can be deduced. It 1s noted that multiple heat maps can
be used over time to plot the coordinates of the RFID tags.

With reference again to FIGS. 1-10 overall, with each
time-ordered signal series, the system {irst forms an accurate
depiction of the path taken by the receiving antenna, char-
acterized by the specific points i space as the positions at
which each signal in the series was received. Then, the
system analyzes the 3D space around the location estimated
by RSSI where the RFID tag 40 should be. In one example,
the 3D space around the location estimate 1s approximately
80 cm tall, 65 cm wide, and 300 cm long, but other
dimensions may be used 1n other situations. This space 1s
then split into smaller, individual spaces. For example, this
space may be split into 1 cm cubes. In this example, for each
one of these 1 cm cubes, the hypothesis of the RFID tag 40
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being at that location and occupying that space 1s tested. The
system eflectively supposes that if the RFID tag’s 40 true
location was at that specific spot 1n 3D space, what would
have been the phase of the received signal at the RFID
antenna 50, when the RFID antenna 50 was at each of the
positions described by the aforementioned time-ordered
Series.

These calculations can be performed because the system
has the precise absolute Fuclidean distance between the
supposed 1 cm-cube and each of the RFID antenna’s 50
positions. Thus, the modulo operation 1s performed on each
of these Euclidean distances with the wavelength of the
RFID signal emitted by the reader to obtain a series of
theoretical i1deal phase values that corresponds with the
tested 1 cm-cube and the path taken by the antenna. Next,
the system takes this theoretical phase series and passes 1t
through a cross-correlation function with the actual recorded
phase series. This produces a correlation factor, a fraction
that ranges between O and 1, which represents the similarity
of the theoretical data to the actual data, with 1 being exactly
alike. The correlation factors associated with each of the
1,560,000 1 cm cubes in the 3-dimensional space under
study, 1n this example, are compared, and the one with the
highest correlation 1s therefore picked as the RFID tag’s 40
most likely location.

It 1s noted that RFID signals are prone to reflection when
there’s a lot of noise 1n the environment, especially when
there are a lot of metal objects. This causes the signal to
bounce between various structures which makes RFID tag
localization difficult since 1t 1s likely to indicate virtual
positions which are not actually true. The subject system
climinates this risk because 1t uses not only the RFID signal
itself, but the phase of that signal, so 1t can accurately predict
the probability of the RFID tag being in a particular location.
Moreover, the subject system doesn’t only analyze a phase
at any one given instance, but rather, 1t analyzes the series of
phase values over time, as the antenna moves. This helps
narrow down on the position of the RFID tag.

In addition to the benefits of the system 10 as described
herein, the system 10 also provides improved computer

processing performance. Specifically, performing calcula-
tions on 1.5 million individual points 1n space for every
RFID tag 40 scanned by each RFID antenna 50 can be
computationally intensive. Indeed, in test examples, 1t has
been demonstrated that 1t takes up to 336 hours to compute
the locations of a set of 140 RFID tags, while using
traditional computational methods involving an 8-core CPU.
However, the system 10 executes the algorithm for the
calculations using General Purpose Computing on Graphics
Processing Units (GPGPU). With GPGPU, the locations of
the same set of 140 RFID tags 40 were calculated in merely
10 minutes. Thus, as a whole, the subject system and method
described herein can produce pinpoint locations of passive
RFID tags in real-time.

FIG. 11 1s a flowchart 100 illustrating a method for
micro-location of RFID tags within a spatial environment, in
accordance with the first exemplary embodiment of the
disclosure. It should be noted that any process descriptions
or blocks 1n flow charts should be understood as represent-
ing modules, segments, portions of code, or steps that
include one or more instructions for implementing specific
logical tunctions 1n the process, and alternate implementa-
tions are mncluded within the scope of the present disclosure
in which functions may be executed out of order from that
shown or discussed, including substantially concurrently or
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in reverse order, depending on the functionality involved, as
would be understood by those reasonably skilled in the art
of the present disclosure.

As shown, at position 110, data from RFID tags 1s
received by an RFID reader having or connected to multiple
antennas. As shown at position 112, at the time of receiving
the RFID tag signal data, the system detects or records
various data points, mcluding the RFID tag ID, a phase
value, an RSSI value, a timestamp, a position of the antenna
(X, v, z), a Doppler frequency shiit, and a RFID antenna ID.
Other information may be received or detected as well. The
data may be received by the reader 1n chronological order or
in another order. Next, at position 114, the received data 1s
segregated by RFID tag ID. For each RFID tag, one or more
RFID tag localization processing approaches may be used,
as shown at position 116, to initially narrow down the search
space. These may include machine learning approaches,
signal strength approaches, and others described herein
relative to other figures. Then, other approaches may be used
to iterate through search space, as shown at position 118.
These approaches may include a phase history approach, a
time-oi-tlight approach, and a Doppler shift approach. It 1s
then possible to generate the heat map of the search space
which shows the position with the highest likelihood of the
RFID tag’s actual location, as indicated at position 120. This
analysis and processing may be done for each of the RFID
tags 1n real-time or near-real-time.

The method described herein may also include any num-
ber of additional steps or variations thereto. For example, the
method may include using a mobile platform within the 3D
space with a plurality of RFID antennas mounted on the
mobile platform 1n a direction facing laterally relative to a
direction of movement of the mobile platform. During
algorithmic RFID tag localization, the method may 1nclude
creating a history of phase and received signal strength
indicator (RSSI) of the collected backscatter signals of the
RFID tag over a period of time, evaluating possible RFID
tag locations, simulating a received signal phase and RSSI,
and matching the history of phase and RSSI of the collected
backscatter signals to the simulated received signal phase
and RSSI. As discussed herein relative to other figures,
algorithmic RFID tag localization may include utilizing a
machine learning model to recognize patterns in the col-
lected backscatter signals, wherein the micro-location of the
RFID tag within the 3D space i1s determined. A machine
learning model may be used to determine the micro-location
of the RFID tag based on correlations between a relative
position of the mobile platform and the collected backscatter
signals of the RFID tag and the time-synchronized known
location of the mobile platform. Other approaches may
associate the collected backscatter signals of the RFID tag
with 1nterrogation signals emitted, wherein the micro-loca-
tion of the RFID tag 1s determined triangulation based on a
time between an emission and a collection of the interroga-
tion signals, and/or analyzing a Doppler frequency shiit as
the mobile platform moves past the RFID tag.

FIG. 12 1s a diagrammatical 1illustration of a system for
tracking a micro-location of RFID tags within a spatial
environment 210, 1n accordance with a second exemplary
embodiment of the present disclosure. The system for track-
ing a micro-location of RFID tags within a spatial environ-
ment 210, which may be referred to herein simply as ‘system
210’ includes many of the same features as discussed
relative to FIGS. 1-11. However, in the system 210, the
RFID antennas 250 remain stationary while the RFID tags
240 are mobile, e.g., such as when the RFID tags 240 are
attached to products which are moving through a 3D space
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230 on a convever belt system or other transportation
system. As shown, at least one RFID tag 240 1s moving
within a three-dimensional (3D) space 230. A plurality of
RFID antennas 250 are fixedly positioned within the 3D
space 230, wherein backscatter signals 242 of the at least
one RFID tag 240 1s collected by at least one of the plurality
of RFID antennas 250 and time-synchronized with a known
location of the at least one of the plurality of RFID antennas
250 1n the 3D space 230 at a time of collection. A comput-
erized processing device 260 1s in communication with the
plurality of RFID antennas 250. The computerized process-
ing device 260 performs algorithmic RFID tag localization
using at least the collected backscatter signals 242 of the at
least one RFID tag 240 and the time-synchronized known
location of the at least one of the plurality of RFID antennas
250 to determine a micro-location of the at least one RFID
tag 240 within the 3D space 230.

It 1s noted that the RFID antennas may be fixedly posi-
tioned on a door, proximate to a conveyor belt, on a
stationary mechanical device, and/or on another structure of
the 3D space 230. The plurality of RFID antennas 2350 may
be mounted facing laterally relative to a direction of move-
ment of the at least one RFID tag 240. The processing used
by the system 210 may be the same as previously described
relative to FIGS. 1-11 with the exception that the RFID
antenna 250 1s located i a stationary position and the
movement occurs by the RFID tag 240 itself. For example,
algorithmic RFID tag localization may include creating a
history of phase and received signal strength indicator
(RSSI) of the collected backscatter signals of the at least one
RFID tag over a period of time, evaluating possible RFID
tag locations, simulating a received signal phase and RSSI,
and matching the history of phase and RSSI of the collected
backscatter signals to the simulated received signal phase
and RSSI. The algorithmic RFID tag localization may
turther include utilizing a machine learning model to rec-
ognize patterns in the collected backscatter signals, wherein
the micro-location of the at least one RFID tag within the 3D
space 1s determined. The algorithmic RFID tag localization
may utilize a machine learming model to determine the
micro-location of the at least one RFID tag based on
correlations between a relative position of the at least one of
the plurality of RFID antennas and the collected backscatter
signals of the at least one RFID tag and the time-synchro-
nized known location. The algorithmic RFID tag localiza-
tion may associate the collected backscatter signals of the at
least one RFID tag with interrogation signals emitted,
wherein the micro-location of the at least one RFID tag 1s
determined triangulation based on a time between an emis-
sion and a collection of the interrogation signals. The
algorithmic RFID tag localization may also analyze a Dop-
pler frequency shiit as the at least one RFID tag moves past
the at least one of the plurality of RFID antennas.

It should be emphasized that the above-described embodi-
ments of the present disclosure, particularly, any “preterred”
embodiments, are merely possible examples of implemen-
tations, merely set forth for a clear understanding of the
principles of the disclosure. Many vanations and modifica-
tions may be made to the above-described embodiment(s) of
the disclosure without departing substantially from the spirit
and principles of the disclosure. All such modifications and
variations are intended to be included heremn within the
scope of this disclosure and the present disclosure and
protected by the following claims.

What 1s claimed 1s:

1. A system for micro-location of RFID tags within a
spatial environment comprising:
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a mobile platform having a known location within a
three-dimensional (3D) space, wherein a plurality of
radio frequency identification (RFID) tags are located
within the 3D space;

a plurality of RFID antennas mounted on the mobile
platform, wherein backscatter signals of at least one of
the RFID tags are collected by at least one of the
plurality of RFID antennas and time-synchronized with
the known location of the mobile platform 1n the 3D
space at a time of collection; and

a computerized processing device i communication with
the plurality of RFID antennas, wherein the computer-
1zed processing device performs algorithmic RFID tag
localization using at least the collected backscatter
signals of the at least one RFID tag and the time-
synchronized known location of the mobile platiform to
determine a micro-location of the at least one RFID tag
within the 3D space;

wherein the algorithmic RFID tag localization further
COMPrises:
creating a history of phase and received signal strength

indicator (RSSI) of the collected backscatter signals
of the at least one RFID tag over a period of time;
evaluating possible RFID tag locations; simulating a
recerved signal phase and RSSI; and
matching the history of phase and RSSI of the collected
backscatter signals to the simulated recerved signal
phase and RSSI.

2. The system of claim 1, wherein the mobile platform
turther comprises at least one of: a wheeled platform, a
handheld platform, a robotic platiorm, a drone platiorm, a
track-based platform, and an aerial platiorm.

3. The system of claim 1, wherein the plurality of RFID
antennas mounted on the mobile platform are mounted
tacing laterally relative to a direction of movement of the
mobile platform.

4. The system of claim 1, wherein the algorithmic RFID
tag localization turther comprises utilizing a machine learn-
ing model to recognize patterns 1n the collected backscatter
signals, wherein the micro-location of the at least one RFID
tag within the 3D space 1s determined.

5. The system of claim 1, wherein the algorithmic RFID
tag localization further comprises utilizing a machine learn-
ing model to determine the micro-location of the at least one
RFID tag based on correlations between a relative position
of the mobile platform and the collected backscatter signals
of the at least one RFID tag and the time-synchronized
known location of the mobile platiform.

6. The system of claim 1, wherein the algorithmic RFID
tag localization further comprises associating the collected
backscatter signals of the at least one RFID tag with inter-
rogation signals emitted, wherein the micro-location of the
at least one RFID tag 1s determined triangulation based on
a time between an emission and a collection of the interro-
gation signals.

7. The system of claim 1, wherein the algorithmic RFID
tag localization further comprises analyzing a Doppler ire-
quency shift as the mobile platform moves past the at least
one RFID tag.

8. The system of claim 1, wherein the algorithmic RFID
tag localization further comprises using two or more RFID
tag localization techniques.

9. The system of claim 1, wherein the location of the
mobile platform within the 3D space 1s known using: one or
more ultra-wideband (UWB) devices; one or more Light
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Detection and Ranging (LIDAR) devices; and/or one or
more 3D Simultaneous Localization and Mapping (SLAM)
devices.

10. A method for micro-location of RFID tags within a
spatial environment, the method comprising steps of:
providing a plurality of radio frequency identification

(RFID) tags within a three dimensional (3D) space;
moving a mobile platform, within the 3D space, wherein
the mobile platform has a known location;

collecting, with a plurality of RFID antennas mounted on

the mobile platform, backscatter signals of at least one
of the RFID tags;

time-synchronizing the collected backscatter signals with

the known location of the mobile platform 1 the 3D
space at a time of collection; and
performing algorithmic RFID tag localization using at
least, the collected backscatter signals of the at least
one RFID tag and the time-synchromized known loca-
tion of the mobile platform, thereby determining a
micro-location of the at least one RFID tag within the
3D space;
wherein the algorithmic RFID tag localization further
COMprises:

creating a history of phase and receirved signal strength
indicator (RSSI) of the collected backscatter signals of
the at least one RFID tag over a period of time;

evaluating possible RFID tag locations; simulating a

received signal phase and RSSI; and

matching the history of phase and RSSI of the collected

backscatter signals to the simulated received signal
phase and RSSI.

11. The method of claim 10, wherein moving the mobile
platform within the 3D space further comprises at least one
of: a wheeled movement, a handheld movement, a robotic
movement, a drone movement, a track-based movement,
and an aerial movement.

12. The method of claim 10, wherein the plurality of
RFID antennas mounted on the mobile platform are
mounted facing laterally relative to a direction of movement
of the mobile platiorm.

13. The method of claim 10, wherein the algorithmic
RFID tag localization further comprises utilizing a machine
learning model to recognize patterns in the collected back-
scatter signals, wherein the micro-location of the at least one
RFID tag within the 3D space 1s determined.

14. The method of claim 10, wherein the algorithmic
RFID tag localization further comprises utilizing a machine
learning model to determine the micro-location of the at
least one RFID tag based on correlations between a relative
position of the mobile platform and the collected backscatter
signals of the at least one RFID tag and the time-synchro-
nized known location of the mobile platform.

15. The method of claim 10, wherein the algorithmic
RFID tag localization further comprises associating the
collected backscatter signals of the at least one RFID tag
with interrogation signals emitted, wherein the micro-loca-
tion of the at least one RFID tag 1s determined triangulation
based on a time between an emission and a collection of the
interrogation signals.

16. The method of claim 10, wherein the algorithmic
RFID tag localization further comprises analyzing a Doppler
frequency shift as the mobile platform moves past the at
least one RFID tag.

17. The method of claim 10, wherein the algorithmic
RFID tag localization further comprises using two or more
RFID tag localization techniques.
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18. The method of claim 10, wherein the location of the
mobile platform within the 3D space 1s known using: one or
more ultra-wideband (UWB) devices; one or more Light
Detection and Ranging (LIDAR) devices; and/or one or
more 3D Simultaneous Localization and Mapping (SLAM)
devices.

19. A system for tracking a micro-location of RFID tags
within a spatial environment comprising;

at least one radio frequency identification (RFID) tag
moving within a three-dimensional (3D) space;

a plurality of RFID antennas fixedly positioned within the
3D space, wherein backscatter signals of the at least
one RFID tag is collected by at least one of the plurality
of RFID antennas and time-synchronized with a known
location of the at least one of the plurality of RFID
antennas in the 3D space at a time of collection; and

a computerized processing device i communication with
the plurality of RFID antennas, wherein the computer-
1zed processing device performs algorithmic RFID tag
localization using at least the collected backscatter
signals of the at least one RFID tag and the time-
synchronized known location of the at least one of the
plurality of RFID antennas to determine a micro-
location of the at least one RFID tag within the 3D
space;

wherein the algorithmic RFID tag localization further
COMprises:
creating a history of phase and received signal strength

indicator (RSSI) of the collected backscatter signals
of the at least one RFID tag over a period of time;
cvaluating possible RFID tag locations; simulating a
recerved signal phase and RSSI; and
matching the history of phase and RSSI of the collected
backscatter signals to the simulated received signal
phase and RSSI.
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20. The system of claim 19, wherein one or more of the
plurality of RFID antennas 1s fixedly positioned: on a door;
proximate to a conveyor belt; on a stationary mechanical
device; or on a structure of the 3D space.

21. The system of claim 19, wherein the plurality of RFID
antennas are mounted facing laterally relative to a direction
of movement of the at least one RFID tag.

22. The system of claim 19, wherein the algorithmic RFID
tag localization further comprises utilizing a machine learn-
ing model to recognize patterns 1n the collected backscatter
signals, wherein the micro-location of the at least one RFID
tag within the 3D space 1s determined.

23. The system of claim 19, wherein the algorithmic RFID
tag localization further comprises utilizing a machine learn-
ing model to determine the micro-location of the at least one
RFID tag based on correlations between a relative position
of the at least one of the plurality of RFID antennas and the
collected backscatter signals of the at least one RFID tag and
the time-synchromized known location.

24. The system of claim 19, wherein the algorithmic RFID
tag localization further comprises associating the collected
backscatter signals of the at least one RFID tag with inter-
rogation signals emitted, wherein the micro-location of the
at least one RFID tag i1s determined triangulation based on
a time between an emission and a collection of the interro-
gation signals.

25. The system of claim 19, wherein the algorithmic RFID
tag localization further comprises analyzing a Doppler ire-
quency shiit as the at least one RFID tag moves past the at
least one of the plurality of RFID antennas.

26. The system of claim 19, wherein the algorithmic RFID
tag localization further comprises using two or more RFID
tag localization techniques.
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